We propose a conceptually and computationally simple method to evaluate the neutrinos emitted by supernova remnants using the observed γ-ray spectrum. The proposed method does not require any preliminary parametrization of the gamma ray flux; the gamma ray data can be used as an input. In this way, we are able to propagate easily the observational errors and to understand how well the neutrino flux and the signal in neutrino telescopes can be constrained by γ-ray data. We discuss the various possible sources of theoretical and systematical uncertainties (e.g., neutrino oscillation parameters, hadronic modeling, etc.), obtaining an estimate of the accuracy of our calculation. Furthermore, we apply our approach to the supernova remnant RX J1713.7-3946, showing that neutrino emission is very-well constrained by the H.E.S.S. γ-ray data: indeed, the accuracy of our prediction is limited by theoretical uncertainties. Neutrinos from RX J1713.7-3946 can be detected with an exposure of the order km 2 × year, provided that the detection threshold in future neutrino telescopes will be equal to about 1 TeV.
Introduction
Under-water and under-ice neutrino telescopes are instruments aiming to discoveries. They could reveal an effective acceleration of cosmic rays (CR) in galactic sources (such a supernova remnants [1] and micro-quasars [2] ) and/or in extragalactic sources (such as AGN and gamma ray bursts [3] ). However, at present it is possible to obtain reliable expectations only for few of these sources, such as the supernova remnants (SNR) discussed in this paper.
The idea that CR could originate in supernovae has been put forward already in 1934 but the first quantitative formulation of the conjecture that the young SNRs refurnish the Milky Way of cosmic rays, compensating the energy losses, is due to Ginzburg & Syrovatskii [1] . In fact, the turbulent gas of SNRs is a large reservoir of kinetic energy and this environment can support diffusive shock waves acceleration [4] . The theory of CR acceleration in SNRs is still in evolution, but the generic expectations are stable. The CR flux in SNRs is expected to have a power law spectrum with spectral index Γ = 2.0 − 2.4 at low energies with a cutoff at an energy E c which depends on the details of the acceleration mechanism and on the age of the system. In specific implementations the cutoff energy E c can be as large as several PeV and, thus, is consistent with the "knee" in the CR spectrum at E ∼ 3 × 10 15 eV, which is believed to mark the transition from galactic to extra-galactic origin of CR [5] .
In recent times, great progress has been made in the observation of SNRs. In particular, the High Energy Stereoscopic System (H.E.S.S.) [6] has determined quite precisely the gamma ray spectra of few SNRs showing that they extend above 10 TeV. In the context of Ginzburg & Syrovatskii hypothesis, it is natural to postulate that the observed gammas are produced by the decay of π 0 (and η) resulting from the collision of accelerated hadrons with the ambient medium. New and crucial observations are being collected and the hadronic origin seems to be favored for certain SNRs, such as Vela Jr [7] and RX J1713.7-3946 [8, 9] . 1 It is not yet possible, however, to exclude that (part of) the observed radiation is produced by electromagnetic processes. The definitive proof that SNRs effectively accelerate CR could be obtained by the observation of high energy neutrinos in neutrino telescopes presently in operation, in construction or in project [11] .
As well known, there is a strict connection between photon and neutrino fluxes produced by hadronic processes in transparent sources (see, e.g., [12] ), which results from the fact that the same amount of energy is roughly given to π 0 , π + and π − in hadronic collisions. On this basis, one can estimate the neutrino fluxes expected from a sources with known γ-ray spectra, trying to identify detectable sources and/or to optimize the detection strategies. The gamma-neutrino connection has been described in various recent papers [13, 14, 15, 16, 18, 19, 20, 21] at a different level of accuracy, relying on different assumptions on the primary cosmic ray spectrum and/or hadronic interaction model.
In this particular moment, when high energy gamma ray astronomy is flourishing and the neutrino telescopes are finally becoming a reality, it is clearly important to have solid and transparent predictions. We continue, thus, the work started in [16, 21, 22] , proposing a method to calculate neutrinos fluxes which is, at the same time, simple, accurate and model-independent. Our results are in essence a straightforward applications of standard techniques [23] , but we believe that that they will be useful since they improve the existing calculations in various respects. In particular, we provide simple analytic expressions for the neutrino fluxes which have a general validity and can be applied directly to gamma ray data since they do not require any parametrization of the photon spectrum. This allows us to propagate easily the observational errors in the gamma ray flux and, thus, to understand how well the neutrino flux and the signal in neutrino telescopes can be constrained by γ-ray data. We also discuss the various possible sources of theoretical and systematical uncertainties, obtaining an estimate of the accuracy of our method. This kind of analysis is relevant in the present situation, since the number of events expected in neutrino telescopes from SNRs is quite low (see, e.g., [16] ) and even small (downward) revisions of the expected signals may be important and/or require different detection strategies. It is thus important to understand the relevance of different assumptions in the calculations and the origin of (apparently) contrasting results appeared in the literature.
The plan of the paper is as follow. In Sect. 2 we review the method presented in our previous paper [16] . The relations obtained in this work -Eqs. (8) -are physically equivalent to those presented in [16] . However, they are more compact and more convenient for numerical computations since we have been able to recast them in such a way that they require only one numerical integration. In Sect. 3, we discuss the effect of neutrinos oscillations (see [24] for a review) and we discuss the relevance of uncertainty in neutrino mixing parameters for the predicted neutrino flux. In Sect. 4 we present our main results, i.e., Eqs. (30) and (32) which relate the (oscillated) muon neutrino and antineutrino fluxes to the γ-ray flux. As it is explained, the only necessary information to predict neutrino fluxes are the relative production rates of the various mesons in hadronic processes, which are robust predictions of hadronic interaction models. In this paper, we adopt the results from Pythia [25] , estimated by using the parametrization of hadronic cross sections presented in [26] . A comparison with SYBILL [27] and DPMJET-III [28] is performed (when possible) by using the parametrization and tabulations of hadronic cross sections presented by [29] and [30] . In Sect. 5 and 6 we propose a procedure to predict neutrino fluxes and event rate in ν-telescopes directly from γ-ray observational data, and we apply it to RX J1713.7-3946 which is presently the best studied SNR. In Sect. 7 we summarize our main results.
The photon-neutrino relation
The interactions of cosmic ray protons with a hydrogen ambient cloud result in the production of mesons which subsequently decay producing gamma ray and neutrinos. Both gamma rays and neutrinos depend linearly on the flux of the primary cosmic ray. We, thus, expect that a linear relation also exists between photon and neutrino fluxes, which can formally be expressed as:
as will be precised just below in this Section. In order to determine the kernels K ν [E ν , E γ ], we only need to know the relative number of pions, kaons and η produced by cosmic rays at any given energy, as it is explained in [16] and further discussed in the following. Let us indicate with R i [E] the number of i−particles produced per unit time and unit energy in the cloud. Here, for simplicity, we assume that the momentum distributions of the various particles are approximately isotropic, so that the differential flux produced in a detector at a distance D (if the i−particle is stable) is simply given by: 2
Photons are mainly produced by π 0 and η, according to:
dΩ where dRi/dΩ is the rate of i−particles produced per unit energy and unit solid angle, n is the unit vector in the direction connecting the SNR to the detector and we have taken into account that the produced particles are almost collinear.
where we have defined
and b Kν = 0.634 is the branching ratio for K ± semi-leptonic decay. The functions h i [x] account for neutrinos produced in π + → µ + + ν µ and K + → µ + + ν µ (and charge conjugated processes) and are given by
where r i = (m µ /m i ) 2 with i = π, K. The functions g iν [x] account, instead, for neutrinos produced by muons. They also encode the information on the energy distribution and polarization of muons produced by pions and kaons decay and can be expressed as:
where the relevant polynomials are:
and
Some details of the derivations and some checks of these formulae, in the limit of "isospin invariance", are given in the appendix A of [21] . We note that the same kind of approach can be used to calculate the flux of electrons and positrons produced by hadronic processes in the cloud, which may be relevant to calculate radio synchrotron emission. By considering that the spectral distribution of electrons produced in µ → e + ν e + ν µ is identical to that of of ν µ , we immediately obtain:
where
3 The effect of neutrino oscillations
Neutrino telescopes are sensitive to muon neutrino and muon antineutrino fluxes at earth that differ from the fluxes produced in the supernova remnants due to the effect of neutrino oscillations. Denoting with Φ 0 ν ℓ (ℓ = e, µ, τ ) the flux in absence of oscillations, we have Φ νµ = P µµ Φ 0 νµ + P eµ Φ 0 νe , where due to cosmic distances, the oscillation probabilities are given by the formula P ℓℓ ′ = i=1,2,3 |U 2 ℓi ||U 2 ℓ ′ i |, appropriate for averaged oscillations [31] . This formula is symmetric in the exchange ℓ ↔ ℓ ′ and is valid for neutrinos and antineutrinos.
In order to implement oscillations in our approach, we replace the kernel in Eq. (5) with the the "oscillated" kernel:
which is given by:
This can be expressed as the sum of several contributions, each arising from a different mechanism for neutrino production:
with the coefficients A i and B i given by:
A similar expression holds for the muon antineutrino flux. Namely, the kernel K osc νµ [x] is obtained from Eq. (19) with the replacements f π + → f π − and f K + → f K − (and vice versa) in Rels. (20) The oscillation probabilities P µµ and P eµ can be evaluated by assuming:
• and θ 13 = 5 • ± 4 • , close to the range found in a recent global analysis of the world data [32] . We obtain the central values:
P µµ = 0.36
that will be used in the following calculations. The uncertainties in P µµ and P eµ are at the level of about ∼ 10% and are almost completely anti-correlated, being mostly due to the spread of θ 23 around maximal mixing. It is, thus, not immediate to understand how they propagate to the final muon neutrino flux. Writing:
we see the effect of oscillations depends on the neutrino flavor ratio at production ψ. We also understand that we expect a partial cancellation between the contributions of P µµ and P eµ to the total error budget.
In Fig. 1 , we show the l.h.s. of the above equation as a function of ψ. The dashed (continuous) lines in the figure enclose the 1σ (2σ) region consistent with the measurements. The dotted line identifies the most probable value for the muon neutrino flux suppression factor. Several remarks on this figure are in order.
(i) When we consider the values ψ ∼ 0.5 characteristic of neutrinos from pion decay, we find that the most probable value is Φ νµ /Φ tot ν ≃ 0.33. This is a well known result, first derived in [33] and often used in the literature (see, e.g., [18, 34] ). For the sake of precision, we note that ψ is the electron/muon neutrino (or antineutrino) flux ratio at a fixed energy which may differ from 0.5 even for pion decay, due the different energy distribution of the three neutrinos produced by pions. If we assume that the neutrino spectra in the SNR is described by a power law with spectral index α = 2 (α = 3), we obtain ψ = 0.54 (ψ = 0.61). 3 In our approach, however, we do not need to decide a priori the neutrino flavor ratio ψ or the value of Φ νµ /Φ tot ν : the energy distributions of the produced neutrinos and the oscillation effects are automatically implemented by Eq. (19) .
(ii) We note that the possible suppression of the muon neutrino flux is bounded from below, as emphasized by the forbidden (grey) region in the figure. In the extreme case ψ = 0 we have Φ νµ /Φ tot ν > 1/3 that can be understood by considering that the (averaged) survival probability P µµ cannot be smaller than 1/3; if we assume ψ = 1 we obtain, instead Φ νµ /Φ tot ν = (P µµ + P eµ )/2 = (1− P µτ )/2 > 1/4, which follows from the fact that the (averaged) oscillation probability P µτ cannot be larger than 1/2. The oscillation effect that is realized in Nature happens to be very close to the maximum possible effect, namely, to be very close to the forbidden region in Fig. 1 .
(iii) The uncertainty due to the imprecise knowledge of the oscillation parameters is at the level of 2% and diminishes with increasing ψ, as a result of the partial cancellation of the much larger (anticorrelated) contribution of P µµ and P eµ to the total error budget. It should be noted that uncertainty works mostly in the direction to increase the expected muon neutrino (or antineutrino) flux. For ψ ∼ 0.5, we find, in fact, the region
which is extremely asymmetric with respect to the most probable value ∼ 0.33.
4 The meson production rates (the f i factors)
The last information that we need to predict the neutrino fluxes are the factors f i which give the production rates of the various mesons rescaled to that of the neutral pions (see Eq. (7)) and can be calculated from hadronic interaction models.
The rate of production of i−mesons at an energy E is given by:
where N is the total amount of target hydrogen in the cloud, J p [E p ] is the CR energy spectrum (averaged over the SNR volume, see Eq. (7) in [22] ), and we employed the usual definition of the adimensional distribution function
where σ is the total inelastic p-p cross section, E p is the proton energy, dσ i /dE is the inclusive cross section for i−particles production and E represents the energy of the produced particle. Let us assume that the cosmic ray spectrum is roughly described by a power law in energy. We can write
, and using the "quasi-scaling" approximation 4 for hadronic cross sections, i.e., taking
where E 0 p is a fixed reference values for the proton energy, we finally obtain:
where:
The above relation shows that the ratios between the number of produced particles are essentially independent on energy and are determined by the (α − 1)−momenta of the adimensional distribution function F i . Presently there are various well developed codes -such as Pythia [25] , SYBILL [27] , QGSJET [35] , DPMJET-III [28] -which implement different hadronic interaction models to study particle production in nucleon-nucleon or nucleon-nucleus collisions. It would be interesting to make a systematic comparison between the various codes, but this is beyond the scope of this work. In Ref. [26] , suitable parametrizations of the pion and kaon differential cross section in pp collisions from the Pythia code are given. Moreover, parametrizations of π 0 and η productions in pp collisions, according SYBILL and QGSJET code, are presented in Ref. [29] . In the left panel of Fig. 2 , we use these parametrizations to calculate the relevant f i factors for α = 2 − 4. We see that the quantities f i are marginally dependent on the assumed spectral index and we take the values obtained for α = 2:
as reference values in our calculations. We remark that, using these values, we improve on our previous calculation [16] where we assumed "isospin invariance" (i.e., f π + = f π − = 1) and we overestimated the rate of K ± production (f In order to estimate uncertainties in our method, we should compare the f i factors in Eq. (29) with those obtained by using different hadronic interaction models. For assumed spectral index α = 2, the results of [30] , which describes the various possible contribution to γ-production in p-ISM collisions, can be used to estimate the f i factors predicted by DPMJET-III. In this case, in fact, the factor Z i = E i /E p coincides with the average fraction of the parent particle energy carried by particles of the type i. This quantity can be related to the energy fraction emitted in photons, by taking into account the branching ratios and the kinematic of the decay processes. By using this approach, we estimate (when possible) the values presented in Tab. 1, where we also show the predictions obtained from Pythia and SYBILL parametrizations. We remark the Pythia and SYBILL results are obtained by assuming pp collision, while the DMPJET-III results refer to the collision of protons with ISM, which is assumed to be composed by 90% protons, 10% helium nuclei, 0.02% carbon and 0.04% oxygen. One sees from Tab. 1 that there is a reasonable agreement between the prediction of the different codes. In particular, the f i factors are practically unchanged in the various cases. This means that the neutrinophoton ratio is a rather solid prediction, which should not suffer from large uncertainties in hadronic models and/or in the modelization of the CR flux and the ambient medium in the SNR.
Finally, we discuss the other assumptions in our approach. Our calculation neglects the contribution of K 0 S and K 0 L (and more rare production channels) to photon and neutrino production. According to Tab. 1, these processes accounts for several percents increase of the photon and neutrino production rates with compensating effects in the neutrino-photon ratio, which is affected at the few percents level. Moreover, we assumed that the ratio between the production rates of the various mesons does not depend on energy, nor on the CR spectral shape. This assumption is motivated by the "quasi-scaling" behavior of hadronic cross sections and by the results presented in Fig. 2 and it is valid with few percents accuracy. In conclusion, by taking into account the approximations implicit in our method (e.g., constant f i factors, neglected production channels, etc.), the uncertainties in hadronic modeling and the uncertainty in neutrino oscillation parameters, we can safely estimate that the neutrino fluxes predicted by our approach are accurate at the level of about 20%. 5 (19, 20) . Considering the explicit form of the the various contributions (see Eqs. (10,11)), one obtains the following simple analytic expression:
where the first two terms describe neutrinos produced in pions (first term) and kaons (second) decays. The kernel k νµ [x], which takes into account neutrinos produced by muon decay, is shown in the right panel of Fig. 2 and it is given by:
A similar relation holds for muon antineutrino flux:
Eqs. (30) and (32) have a general validity and do not require any specific parametrization of the photon spectrum. They will be used in the following to derive the neutrino flux from the SNR RXJ1713.7-3946 directly from the observational γ−ray data. It is, anyhow, interesting to discuss the application of these relations for the functional forms most commonly used to parametrize the photon spectrum.
speak of an upper bound on the neutrino signal within the present information.
Using parametrized fluxes
If the photon spectrum is approximated with a power law Φ γ ∝ E −Γ , one immediately sees that:
where: [18] where the relationship between γ-ray and neutrino spectra produced by simply parametrized primary proton spectra was studied. One sees that our calculation predicts ∼ 10% larger neutrino fluxes. This is not surprising considering that the calculation of [18] (which is based on [29] ) do not include kaons (and assume equal production of π + , π − and π 0 ). 6 The photon spectrum is expected to have a cutoff at high energies. Thus, we can write Φ γ = N ξ γ [E] E −Γ , where N is a normalization factor and the adimensional function ξ γ [E] which modulates the photon spectrum is normalized to 1 at low energies. If γ-rays originate from hadronic processes, the cutoff cannot be too sharp, since the spectral features of the parent CR spectrum are diluted in hadronic cascades, as was pointed out in [22] . If the function ξ γ [E] is sufficiently smooth, we can extract it from the integrals in Eqs. (30) and (32) , obtaining: (37)). As a consequence, the features in the photon spectrum, such as the presence of a cutoff at an energy E γ,c , are essentially reproduced in the neutrino spectrum at an energy lower by a factor E ν,c /E γ,c = x m ≃ 0.59, as also noticed by [18] . 
Using raw data
RXJ1713.7-3946 is presently the best studied SNR. It has been observed by H.E.S.S. during three years from 2003 to 2005 [8] . The data expands over three decades, exploring the energy interval E γ = 0.3 − 300 TeV. The energy resolution of the experiment is equal to about 20% and the photon spectrum is sampled in 25 bins δE γ /E γ ≃ 0.2 plus three larger bins at high energy. In a previous paper [22] , we have discussed the information that the observational data provide on the parent CR spectrum in the SNR. Here, we use the observational data to calculate the ν µ and ν µ fluxes emitted by this object and to estimate the event rate expected in neutrino telescopes. The proposed procedure, which does not require any parametrization of the photon flux, is general and can be applied to any other γ-transparent source.
As a first step, we "rescale" the photon and neutrino fluxes according to:
where ν = ν µ , ν µ . For a proper choice of the parameter α, the "rescaled" fluxes are expected to vary slowly with energy. In the following, we adopt:
which is particularly appropriate for RX J1713.7-3946 (see, e.g., Fig. 3 of [22] and related discussion). We indicate with ϕ j ± ∆ϕ j the (rescaled) photon flux measured in the j−th energy bin, centered at a photon energy E j and covering the energy range (E j,inf , E j,sup ). We can approximate the photon flux by:
where W j [E γ ] are rectangular functions which describes the various energy bins (i.e., W j [E γ ] ≡ 1 for E j,inf ≤ E γ ≤ E j,sup and zero elsewhere). We immediately obtain from Eqs. (30, 32) the relation: 
Rels. (42) give the neutrino fluxes as a linear combination of the observational values ϕ j of the photon flux. The functions w j [E] and w j [E] describe the contribution that each data point gives to the reconstructed neutrino flux at the energy E. The uncertainty in the neutrino fluxes can be evaluated by propagating linearly the observational errors ∆ϕ j . We obtain:
Similarly, the correlation between the values of the ν µ flux at two different energies can be calculated by:
Analogous expressions can be obtained for ν µ flux by replacing w j [E] → w j [E] in the above expressions. The results of the proposed method are displayed in Fig. 4 where we show with solid (dashed) line the ν µ flux (ν µ flux) expected from RX J1713.7-3946 according to the H.E.S.S. observational γ−ray data. The H.E.S.S. data cover the energy range E γ = 0.3 − 300 TeV. In this interval we have described the photon flux according to Eq. (41) and we have not relied on theoretical assumptions. It is, however, unnatural to assume that the photon spectrum vanishes outside the probed region. For this reason, we have continued the photon spectrum at low energy (E γ ≤ 0.3 TeV) assuming Φ γ = I(E/1TeV) −β where β = 2 and I = 2.47 · 10 −11 /(cm 2 s TeV). The assumed low-energy photon spectrum smoothly connects with the low energy bins observed by H.E.S.S experiment (see, e.g., [8, 22] ). In order to make minimal assumptions we have not extrapolated the photon spectrum at high energies. The relevance of the assumed low and high energy behavior can be studied by considering different extrapolations for the gamma ray flux outside the region probed by H.E.S.S. experiment. In this way, we have been able to verify the spectral region directly constrained by the data is E ν ≃ 0.3 − 100 TeV.
We can see that the neutrino and antineutrino spectra are well described by a power law with spectral index γ ≃ 2 at low energies and a cutoff/transition region at E ν ∼ 3 − 5 TeV. The ratio Φ νµ /Φ νµ is nearly constant and equal to about 0.93. The shaded areas describe the observational errors in the neutrino fluxes and are obtained by propagating the uncertainties in the gamma ray data. The neutrino fluxes are well constrained at low energies where the relative uncertainty is at few per cents level. The information degrades at high energy. We have ∆Φ ν /Φ ν ∼ 30% at E ν = 30 TeV and much worse at larger energies. We remind, for completeness, that one has to consider also a systematic error in our calculation equal to about 20% due to uncertainties in hadronic cross section, neutrino oscillation parameters and the approximations implicit in our method, as conservatively estimated in the previous section. 7 The red dotted lines in Fig. 4 show the atmospheric neutrino flux which provides a diffuse background for SNR neutrino detection. The relevance of this background is, clearly, reduced if one is able to observe the source with a good pointing accuracy. The lower (upper) red dotted line is obtained by integrating the muon neutrino flux in the vertical direction given by [36] over an a angular window 0.5 • (1.0 • ), which correspond to the angular resolution of neutrino telescopes at energies equal to about 1 TeV. We remind that, below E ν ∼ 1TeV, the angular response of the detector is mainly determined by kinematic of the detection process and, thus, cannot be improved. We see that the spectral region in which the signal is expected to be larger than the background is above ∼ 1TeV quite close to cutoff in the ν spectrum. The red lines in Fig. 4 should be intended as lower limits of the atmospheric ν background. The atmospheric neutrino flux, in fact, depends on the zenith angle and increase by about one order of magnitude in the horizontal direction. Moreover, the angular dimension of the galactic SNRs can be comparable with the detector angular resolution. The SNR RX J1713.7-3946, as an example, subtends an angle in the sky equal to about 1.0 • .
In the next section, we will calculate the event rate produced by RX J1713.7-3946 in a telescope located in the Mediterranean sea. We conclude this section by discussing whether we can expect neutrino fluxes much larger than that from RX J1713.7-3946. In this respect, it was noted in [22] that the γ-ray spectrum of RX J1713.7-3946, corresponds to a flux of CR protons with a energy equal to about 0.05 × 10 51 erg (consistent with Ginzburg & Syrovatskii hypothesis) colliding with a molecular cloud of approximately 300 solar masses, which represents a quite favorable situation. In other words, it difficult to imagine CR fluxes in SNRs much more energetic than this or a much larger target mass. SNRs can be closer than RX J1713.7-3946 which has a distance from us equal to about D ∼ 1kpc. Keeping the same parameters, this would increase the γ and ν fluxes as D −2 and, correspondingly, the expected signal in ν telescopes. However, there will be no gain with respect to the atmospheric ν background, if the linear dimension L of the sources is the same as RX J1713.7-3946, since the Log E Γ 1 TeV angular dimension θ = L/D increase with decreasing distances. For this reason, the best candidates are close and young SNRs which had no time to expand to large radii and which are also expected to produce spectra which extend to larger energies, having the most energetic proton less time to escape. A promising candidate could be the young and close SNR named Vela Jr (angular size 2 • ), as suggested by the extrapolations of the first H.E.S.S. observations [17, 22, 21] .
Events in neutrino telescopes
Charged-current interactions of ν µ and ν µ produce muons and antimuons that can be observed in neutrino telescopes. The number of muons and antimuons reaching an area A and in a time of observation T is:
where E is the energy of the neutrino at the point of interaction and E th is the energy threshold for muon detection. Following [14] : (1) we assume A = 1km 2 and T = 1 solar year; (2) we consider that the SNR RX J1713.7-3946 is visible for f liv = 78% of the sideral year, as in Antares location; (3) the neutrino absorption coefficient a νµ (E), averaged over the daily location of the source, is calculated for standard rock; (4) the probability Y µ (E, E th ) that a neutrino of energy E produce a muon that reach the detector with an energy larger than E th is calculated for water.
The above equation can be rewritten in the form:
where the function:
gives the relative contribution of neutrinos with energy E ν to the total event rate above a detection threshold E th . In the left panel of Fig. 5 we show the function n νµ [E ν , E th ]E −2.5 ν as a function of E ν for the selected values E th = 0.05, 0.2, 1, 5, 20 TeV. One sees that the bulk of the signal is expected to arise from the spectral region E ν ≃ 0.3 − 100 TeV which is directly constrained by photon observational data, provided that the detection threshold is below few TeV. The previous point can be much better appreciated by rewriting the expected event rate in ν-telescopes in terms of the observed photon flux. By using the results of the previous sections, we obtain:
where the function n[E γ , E th ] is given by:
and K osc νµ [x] is the photon-neutrino kernel given in Eq. (19) . The function n[E γ , E th ]E −2.5 γ is shown as a function of E γ in the right panel of Fig. 5 . We see immediately that the spectral region probed by H.E.S.S. data (i.e., E γ = 0.3 − 300 TeV) is the most relevant energy region to derive expectations for future neutrino telescopes when the detection threshold is E th ≤ 1 TeV. In this case, neutrinos that effectively contributes to the ν−telescopes signals are connected to photons which are observed witȟ Cerenkov γ−ray telescopes. If the threshold is much larger than this, on the contrary, the function n[E γ , E th ]E −2.5 γ is peaked outside the probed region and one is forced to rely on theoretical extrapolations.
By following a procedure analogous to that adopted in the previous section, we can calculate the expected signal from RX J1713.7-3946 directly from photon observational data. If the photon flux is approximated as in Eq. (41), we obtain:
where ϕ j = Φ j · E α j is the observational value for the (rescaled) photon flux in the j−th energy bin and the factors:
"weights" the contribution of each energy bin to the signal above the threshold E th (W j [E γ ] ≡ 1 for E j,inf ≤ E γ ≤ E j,sup and zero elsewhere). The uncertainty in the predicted neutrino signal can be evaluated by propagating linearly the observational errors ∆ϕ j , obtaining:
The number of neutrino events from SNR RX J1713.7-3946 in Antares location after one year of data taking is reported in Tab. 2. We see that a km 2 class neutrino telescope will be able to collect few events per year, if the threshold will be lower than about 1 TeV. The observational uncertainty is less than 10%, indicating that H.E.S.S. data very well constrains the expected neutrino signal. The above estimates do not include possible contributions from the low (E γ ≤ 0.3 TeV) and high energy (E γ ≥ 300TeV) tails of the photon flux, which are not constrained by observations. However, these contributions are expected to be negligible (at the few per cents level), if the threshold is lower than few TeV. We remind that our calculation is affected by ∼ 20% systematic error due to uncertaintie in hadronic cross sections, neutrino oscillation parameters and the approximations implicit in our method, as conservatively estimated in the previous sections.
The above results show that the detection threshold will be a crucial parameter. Clearly, it cannot be much larger than 1 TeV, otherwise the event rate would be negligible. However, it cannot be much lower than this, due the presence of the atmospheric neutrino background. At present, the atmospheric neutrino fluxes have a quite large uncertainty due to imprecise knowledge of primary CR spectra at earth, of hadronic cross sections and the poor understanding of charmed particles production (see [36] ). However, in the next future, they will be measured by neutrino telescopes.
In order have feeling of the background levels, we approximate the atmospheric neutrino fluxes according to Φ Atmo
, as it is appropriate in the energy range of our interest. The normalization constant C = 1.8 × 10 −11 TeV −1 cm −2 s −1 has been obtained by fitting the vertical neutrino flux of [36] (which underestimates the average atmospheric neutrino flux in the direction of the SNR) and integrating over an angular window θ = 1 • . By using this parametrization, we obtain the number of events given in the last column of Tab. 2. Clearly, these values are purely indicative. They allow us, however, to conclude that there is no real gain to lower the threshold below the TeV level, in agreement with the finding of [37] . In conclusion, the best choice seems E th ∼ 1 TeV, since it allows us to probe neutrino emission: i) in an energy region very-well constrained by γ-ray data; ii) collecting few events per year; iii) with a signal-to-background ratio order one or larger.
Summary
Future observations in neutrino telescopes have the potential to test an important theoretical paradigm, that the young SNRs are the main site of acceleration of the galactic cosmic rays. At present, it is useful to use the existing observations of very high energy gamma rays from SNRs to derive quantitative predictions for neutrinos from these sources. The main results obtained in this paper are the following: i) We have discussed a conceptually and computationally simple method to extract precise predictions for neutrinos from supernova remnants and from other hypothetical sources, transparent to their gamma rays. This method (that is based and that elaborates on our previous work on the subject [16, 14, 22, 21] ) is superior to other ones present in the literature, in that it does not need a preliminary parametrization of the gamma ray observations and, as we demonstrated, permits one to use directly the gamma ray data as an input.
ii) Our method allows us to propagate easily the γ-ray observational errors and, thus, to understand how well neutrino fluxes and the signal in future neutrino telescopes can be constrained by γ-ray observations. Our analysis, and specifically the application to the best studied SNR (RX J1713. shows that the present, successful program of observations of very high energy gamma rays from certain supernova remnants (in particular, with imaging arrays ofČerenkov telescopes) covers the right energy region to derive expectations for the forthcoming neutrino telescopes. As an example, the signal produced in ν-telescopes by RX J1713.7-3946 is predicted with an observational uncertainty equal to about ∼ 10%.
iii) We have discussed the sources of theoretical and systematic uncertainties in our calculation. In particular, we have checked that the error arising from unknown neutrino oscillations parameters is very small (at the level of ∼ 2%), as a result of the partial cancellation of the (much larger) anti-correlated contributions of electron and muon neutrino oscillation probabilities to the total error budget. 8 The main source of uncertainty in the predictions is due to the modeling of the hadronic interactions and was conservatively estimated at ∼ 20% level. This error could be more precisely assessed after a systematic comparison of existing numerical codes and overview of the available experimental data.
iv) It seems possible, at least for the best observed SNR (RX J1713.7-3946), to succeed and detect a neutrino signal with exposures of the order of year× km 2 , provided that the detection threshold in future neutrino telescopes will be equal to about ∼ 1TeV. Another promising and perhaps better young SNR is Vela Jr, whose higher part of gamma ray spectrum (above 20 TeV) is still to be studied. Due to the presence of the atmospheric neutrino background, it does not seem really much useful to lower the threshold for neutrino observation below the TeV region. This is in agreement with the finding of [37] .
In summary, we have shown that it is possible to obtain precise and reliable predictions of the neutrino signals expected in neutrino telescopes from SNRs. The observation of neutrinos from these objects would amount to a proof of the existence of the expected over-density of CR and, thus, to a confirmation of the hypothesis that young SNRs are the main site of acceleration of galactic CR.
